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Antioxidative Role of Selenoprotein W in Oxidant-
Induced Mouse Embryonic Neuronal Cell Death

Youn Wook Chung"*®, Daewon Jeong®, Ok Jeong Noh', Yong Hwan Park’, Soo Im Kang"®, Min Goo Lee',

Tae-Hoon Lee*, Moon Bin Yim? and Ick Young Kim"*

It has been reported that selenoprotein W (SelW) mRNA is
highly expressed in the developing central nerve system of
rats, and its expression is maintained until the early postna-
tal stage. We here found that SelW protein significantly in-
creased in mouse brains of postnatal day 8 and 20 relative
to embryonic day 15. This was accompanied by increased
expression of SOD1 and SOD2. When the expression of
SelW in primary cultured cells derived from embryonic
cerebral cortex was knocked down with small interfering
RNAs (siRNAs), SelW siRNA-transfected neuronal cells
were more sensitive to the oxidative stress induced by
treatment of H,O, than control cells. TUNEL assays revealed
that H,O--induced apoptotic cell death occurred at a higher
frequency in the siRNA-transfected cells than in the control
cells. Taken together, our findings suggest that SelW plays
an important role in protection of neurons from oxidative
stress during neuronal development.

INTRODUCTION

Selenium is inserted into selenoenzymes as selenocysteine
(Sec) (Cone et al.,1976). Sec is the 21% amino acid and is en-
coded by the UGA ‘STOP’ codon (Zinoni et al., 1986). In eu-
karyotes, a specific RNA stem loop structure, the selenocys-
teine-insertion-sequence (SECIS), is required for Sec insertion
(Berry et al., 1991). In addition, the SECIS-binding protein
SBP2 (Hubert et al., 1996), the Sec-specific translation factor
EF-Sec (Fagegaltier et al., 2000; Tujebajeva et al., 2000), and
the selenocysteine-specific tRNAS® (Lee et al., 1989) are
needed for selenoprotein translation. Twenty-five selenopro-
tein-encoding genes have been identified in mammals (Kryukov
et al., 2003), and several functions of selenoproteins have been
described. Glutathione peroxidase (GPx) (Flohe et al., 1973;
Rotruck et al., 1973) and thioredoxin reductase (TR) (Mustacich
and Powis, 2000) protect cells from oxidative stress, and they

may have a role in brain function (Brigelius-Flohe, 1999; Hill et
al., 1997; Lovell et al., 2000; Trepanier et al., 1996). Selenopro-
tein P (SelP), the major selenoprotein in blood plasma, serves
as phospholipid hydroperoxide reductase and as a selenium
supply protein (Burk and Hill, 2005). Methionine-R-sulfoxide
reductase 1 (MsrB1) (previously reported as selenoprotein R or
selenoprotein X) reduces methionine sulfoxide to methionine
(Kim and Gladyshev, 2007). Selenoprotein T (SelT), which is
mainly localized in the endoplasmic reticulum, is involved in the
regulation of calcium homeostasis and neuroendocrine secre-
tion (Grumolato et al., 2008). Selenoprotein H (SelH) is a novel
nucleolar oxidoreductase (Novoselov et al., 2007). Several
selenoproteins with unknown functions also have been de-
tected in the brain. For example, selenoprotein N (SelN), the
first selenium-containing protein reported to be associated to a
genetic disorder, is expressed in the brain and is located in the
endoplasmic reticulum as a glycoprotein (Ferreiro et al., 2002;
Moghadaszadeh et al., 2001; Petit et al., 2003). Selenoprotein
M (SelM), 15-kDa selenoprotein (Sel15), and selenoprotein W
(SelW) mRNA were also detected in the brain (Gu et al., 2000;
Korotkov et al., 2002; Kumaraswamy et al., 2002).

SelW is localized primarily in cytosolic compartments, al-
though a small quantity is found the cytoplasmic membrane
(Vendeland et al., 1993; Yeh et al., 1995). To date, the biologi-
cal activity of SelW has not been identified. However, we and
others have reported that the cysteine® (Cys™) of SelW can be
glutathiolated (Beilstein et al., 1996; Gu et al., 1999). In addition,
cells that overexpress SelW were found to be more resistant to
oxidative stress, suggesting a potential role as an antioxidant
(Jeong et al., 2002). Recently, it has been suggested that SelW
is a member of the thioredoxin family, since it is involved in
redox regulation through its interactions with 14-3-3 proteins
(Aachmann et al., 2007; Dikiy et al., 2007). Levels of selenopro-
teins are strongly dependent on selenium concentrations, and
selenium-deficient diets lead to a decrease in the expression of
most selenoproteins in various tissues (Allan et al., 1999; Gu et

1Laboreltory of Cellular and Molecular Biochemistry, School of Life Sciences and Biotechnology, Korea University, Seoul 136-701, Korea, 2Laboratory of
Biochemistry, National Heart, Lung, and Blood Institute, National Institutes of Health, Building 50, 9000 Rockville Pike, Bethesda, MD 20892, USA,
3Department of Microbiology and Aging-associated Disease Research Center, Yeungnam University College of Medicine, Daegu 705-030, Korea,
“School of Dentistry, Dental Science Research Institute, The 2nd Stage of Brain Korea 21 for the Dental School, Chonnam National University, Gwangju
500-757, Korea, °Present address: Translational Medicine Branch, National Heart, Lung, and Blood Institute, National Institutes of Health, Building 10,
9000 Rockville Pike, Bethesda, MD 20892, USA, ®Present address: Genetic Disease Research Section, National Institute of Diabetes and Digestive and
Kidney Diseases, National Institutes of Health, Building 10, 9000 Rockville Pike, Bethesda, MD 20892, USA

*Correspondence: ickkim@korea.ac.kr

Received February 23, 2009; accepted March 6, 2009; published online May 15, 2009

Keywords: antioxidant, neuronal cells, oxidative stress, selenium, selenoprotein W

@ Springer



610 Antioxidative Role of Selenoprotein W

al., 1999; Yeh et al., 1997a; 1997b). However, SelW expres-
sion in the brain was maintained at a reasonable level in the
selenium-deficient conditions (Yeh et al., 1997b). More specifi-
cally, selW mRNA was expressed at high levels in the cortex,
dentate gyrus, and hippocampus of postnatal rat brains (Jeong
et al., 2004). These observations suggest that selenium and
SelW play an important role in the brain function and during
neuronal development. However, the mechanisms by which
SelW expression is regulated during embryonic and postnatal
stages, and the mechanisms by which it exerts its antioxidant
activity in the neuronal cells are not fully understood.

In the present study, we compared the expression patterns
of SelW with other selenoproteins and non-selenium-con-
taining antioxidant proteins in the mouse brain at different
stages of development. And, to verify its function, we knocked
down SelW expression using a small interfering RNA (siRNA)
technique.

MATERIALS AND METHODS

Reagents

Poly-D-lysine, laminin, formaldehyde, and 4',6-diamidino-2-phenyl-
indole dihydrochloride (DAPI) were purchased from Sigma
(USA).

Primary cell culture

Primary cultures of mouse embryo-driven neuronal cells were
prepared as described previously (Moon et al., 2008; Nietham-
mer et al., 2000). In brief, embryonic neuronal cells were isolated
from the cerebral cortex of ICR mice at the embryonic stage day
15 (E15) (Orient, Korea), seeded onto poly-D-lysine/laminin-
coated 6-well plates, and grown in Neurobasal medium (Invitro-
gen, USA) containing B27 and GlutaMAX-1 supplement (Invitro-
gen) and antibiotics.

Real-time PCR analysis

Total RNA was extracted from brains of E15 and P8 mice using
TRIzol (Invitrogen). First-strand cDNAs were synthesized by
using ThermoScript RT-PCR system (Invitrogen), following the
manufacturer's manual. Quantitative real-time PCR was per-
formed using the 7900H sequence detection system (Applied
Biosystems, USA). Primers and TagMan probes used to detect
the indicated murine genes were purchased from Applied Bio-
systems and included the following: SelW, Mm00486050_m1;
Thioredoxin (Trx), Mm00726847_s1; TR1, Mm00443675_m1;
GPx1, Mm00656767_g1; Catalase (CAT), Mm00437992_m1;
Superoxide anion dismutase 1 (SOD1), Mm01700393_gf;
SOD2, Mm00449726_m1; Glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), Mm99999915_g1.

Immunoblot analysis

The brains removed the ICR mice were washed with PBS and
homogenized in a solution containing 10 mM Hepes-NaOH (pH
7.9), 10 mM KClI, 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM PMSF,
aprotinin (2 pg/ml), leupeptin (2 ug/ml), and 0.3% Nonidet P-40.
After centrifugation, supernatants were fractionated via SDS-
polyacrylamide gel electrophoresis and then subjected to im-
munoblot analysis with mouse monoclonal antibodies to SelW
(Jeong et al., 2002), Thioredoxin (Trx; kindly provided from SG
Rhee, NIH, USA), Thioredoxin Reductase 1 (TR1; Abcam),
Glutathione Peroxidase (GPx1; Abcam), Catalase (Cat; Fitz-
gerald), Superoxide Dismutase 1 (SOD1; Fitzgerald), Superox-
ide Dismutase 2 (SOD2; Fitzgerald), and B-actin (Sigma). The
blots were visualized using enhanced chemiluminescence (Su-
persignal, Pierce).

siRNA preparation and transfection

The siRNA corresponding to the sellW gene was designed and
synthesized by Invitrogen (Stealth RNAI). The sequence for the
selW siRNA was 5-GGA TAC AGA GAG CAC GTT CCG GAA
A-3'. Three days after plating, the primary neurons were trans-
fected with siRNA using LipofectAMINE 2000 (Invitrogen) in
serum-free DMEM for 3 h. The medium was subsequently
exchanged with Neurobasal medium, and the cells were cul-
tured for an additional 3 days. Stealth RNAi Negative Control
Duplexes (Invitrogen) were used as a control.

Cell death assay

Neuronal cells were transfected with SelW siRNA or Stealth
RNAIi Negative Control Duplexes. The cells were incubated for
3 d, treated with H,O, for 24 h, then analyzed with the In Situ
Cell Death Detection Kit (Roche Applied Science, USA). Ter-
minal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) staining was conducted as described in the
manufacturer’s instruction. In brief, the cells were fixed with 4%
paraformaldehyde, permeabilized with 0.1% Triton X-100 in
0.1% sodium citrate, incubated with TUNEL reaction mixture for
1 h at 37°C in the dark, and stained with DAPI. The TUNEL-
positive and DAPI-stained cells were then visualized with fluo-
rescence microscope. The percentage of apoptotic cells was
calculated by dividing the TUNEL-positive neuronal cells by the
total number of DAPI-stained neuronal cells.

RESULTS AND DISCUSSION

Developmental stage-associated mRNA and protein
expression patterns of selenoproteins and non-selenium-
containing antioxidants in the mouse brain

It has been reported that se/llWW mRNA was expressed abun-
dantly in the nervous systems of rat embryos at embryonic day
16 (E16) and E20 and in the hippocampus, cerebral cortex,
dentate gyrus, and cerebellum of postnatal rat brains (Jeong et
al., 2004). The age-dependent expression of brain antioxidants
including selenoproteins were monitored using real-time PCR
and Western blotting. The level of se/lW mRNA was compared
with the levels of MRNAs which encode other selenoproteins and
non-selenium-containing antioxidant enzymes. mRNA levels
decreased in Trx, TR1, GPx, CAT, and SOD1 (58.4 + 0.2%, 71.8
+ 0.1%, 56.5 + 0.1%, 51.7 £ 0.1%, and 61.8 + 0.1%, respec-
tively) and remained constant in SOD2 in the mice of postnatal
day 8 (P8) compared to E15. Only se/llW mRNA showed an
increase (31.5 + 0.2%) (Fig. 1). As shown in Fig. 2, protein
levels of Trx, TR1, GPx1, and CAT increased slightly at P8,
then decreased dramatically at P20. Almost all antioxidant en-
zymes decreased in the brain twenty days after birth. In con-
trast, SelW and SOD1 and SOD2 proteins significantly in-
creased in P8 and P20 relative to E15, suggesting that these
antioxidant proteins play an important role in the developing
brain. These results are consistent with the previous studies
which showed that both brain (Gu et al., 2000; Schweizer et al.,
2004) and the central nervous system (Jeong et al., 2004) con-
tain Selw.

Effects of SelW siRNA on H,O--induced primary cerebral
cortex neuronal cell death

Either SelW siRNA or Stealth RNAi Negative Control Duplexes
were transfected into the primary cerebral cortex neuronal cells.
Three days after transfection, the level of SelW expression was
analyzed by RT-PCR and Western blot. Both se/lW mRNA and
protein were effectively attenuated by SelW siRNA (Figs. 3A
and 3B).
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Fig. 1. mRNA level of selenoproteins and non-selenium-containing
antioxidants in E15 and P8 mouse brain. Eight brains from embryos
and three from postnatal mice were analyzed with real-time PCR.
Five micrograms of total RNA isolated from the E15 and P8 mice
brain were reverse transcribed and the resultant cDNA was ampli-
fied by using the TagMan universal PCR master mix. GAPDH
mRNA was used as reference in all samples. Data are represented
as mean = SD. Statistical significance was analyzed using Stu-
dent’s ttest. *P < 0.01. n.s. not significant.
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Fig. 2. Levels of selenoproteins and non-selenium-containing anti-
oxidants in E15, P8, and P20 mouse brains. Whole brain lysates

were subjected to immunoblot analysis with the indicated antibodies.

B-actin was used to normalize expression level.
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Fig. 3. Increased sensitivity of the SelW-suppressed cells to oxi-
dant-induced cell death. The primary neuronal cells were trans-
fected either with Stealth RNAi Negative Control Duplexes (Control
RNA) or SelW siRNA. The se/lW mRNA and SelW protein were
examined by RT-PCR and immunoblotting, respectively. (A) RT-
PCR analysis was performed with primers specific for se/lW cDNA
and f-actin cDNA as described previously (Jeong et al., 2002). (B)
The level of SelW was determined by immunoblot analysis with
anti-SelW antibodies. The blot was re-probed with anti-B-actin anti-
bodies to verify protein loading. (C) Cerebral cortex-driven neuronal
cells were treated with 10, 50 or 100 uM of H,O, for 24 h and
stained with DAPI. The cells showing normal shape of nucleus were
then counted. (D) The cells were transfected with either SelW
siRNA (200 pmoles) or with RNAi Negative Control Duplexes.
Three days after transfection, the cells were treated with 5 or 10 uM
of H,O, for 24 h and the DAPI-stained cells were then analyzed for
cell viability. Results are from at least three independent experi-
ments. Data are represented as mean + SD. Statistical significance
between experimental and control RNA-transfected cells were
analyzed using Student’s t-test. “P < 0.01.

The cascade reaction of neurotransmission results in the
production of oxygen-derived free radicals, which can damage
neurons (Pellmar, 1987). Both enzymatic and non-enzymatic
antioxidant systems are essential for the protection of neuronal
cells from these free radicals (Cohen, 1994; Rice, 2000). We
previously reported that SelW functions as an antioxidant
(Jeong et al., 2002). Recently, it was reported that SelW pro-
tects developing myoblasts from oxidative stress (Loflin et al.,
2006). Here, we investigated the role of SelW in the cellular
defense against oxidative damage in neurons. To test the vul-
nerability of primary cultured neuronal cells obtained from cere-
bral cortex to an exogenous oxidant, cells were treated with
H>O,. Figure 3C shows that the viability of neuronal cells de-
creases as a function of increasing H-O, concentration. When
cells were incubated for 24 h in the presence of 10 uM H,0O,
approximately 50% of the treated cells survived. However,
when the concentration of H.O, was elevated to 100 uM, less
than 4% of the cells survived. Furthermore, the SelW siRNA
transfected cells were more sensitive to exogenous oxidant
than those obtained with Stealth RNAi Negative Control Du-
plexes (Fig. 3D). In the presence of 10 uM H,O,, 36% of
siRNA-transfected neuronal cells were viable compared with
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Fig. 4. Effect of SelW suppression on apoptotic cell death. (A)
Treated neuronal cells were incubated with a TUNEL reaction mix-
ture, followed by staining with DAPI. (B) The TUNEL-stained cells
were analyzed as apoptotic cell death using fluorescence micros-
copy. The percentage of apoptotic cell death was calculated by
dividing the number of TUNEL-positive cells by the total number of
DAPI-stained cells. Results are from at least three independent
experiments. Data are represented as mean + SD. Statistical sig-
nificance between experimental and control RNA-transfected cells
were analyzed using Student’s t-test. *P < 0.01.
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62% of control cells.

Using TUNEL staining method, we further monitored the extent
of the H,O.-induced apoptosis and the effect of SelW down regu-
lation on these neuronal cells. As shown in Fig. 4, the population
of TUNEL-positive cells was about 10% higher in SelW siRNA-
transfected cells compared with the control cells, even before the
addition of H,O.. When these cells were treated with H.O,, the
number of TUNEL-positive cells increased in a H.O, dose-
dependent manner. The extent of exogenous oxidant-induced
cell death was approximately 2-fold higher in SelW siRNA-
transfected cells compared within the control cells, suggesting
that the attenuation of SelW expression due to siRNA renders the
neuronal cells more sensitive to HxO..

Like a number of newly identified selenoproteins, the physio-
logical function of SelW is not well understood. The phy-
siological function of SelW as an antioxidant has been sug-
gested. When SelW was overexpressed in C6 rat glial cells,
chinese hamster ovary (CHO) cells, and H1299 human lung
cancer cells, sensitivity of these cells to exogenous oxidants
was markedly decreased, suggesting that at high concentra-

tions, SelW protects cells from oxidative stress-induced cell
damage. Cells with SelW mutant in which a Sec residue (13")
or a Cys residue (37") was substituted with serine, showed a
decrease in their resistance to exogenous oxidants compared
with wild-type cells. These results are consistent with the hy-
pothesis that SelW functions as an antioxidant and Sec'® and
Cys™ are crucial for this activity (Jeong et al., 2002). Our ob-
servation that the siRNA-induced knocked down of SelW in
neuronal cells resulted in an increase in sensitivity to H2O.-
induced oxidative stress provides definitive evidence supporting
the antioxidant function of SelW. In addition, SelW was con-
stitutively expressed in the brain at the embryonic and postnatal
stages, and detected in the neuronal cells derived from the
cerebral cortex. Together, our data suggest the possibility that
SelW may play a crucial neuroprotective role in oxidative
stress-induced primary neuronal cell damage, particularly dur-
ing neuronal development.

ACKNOWLEDGMENTS

We thank Dr. P.B. Chock (Laboratory of Biochemistry, National
Heart, Lung, and Blood Institute, National Institutes of Health,
USA), Dr. W. Sun and Dr. H. Kim (Department of Anatomy,
College of Medicine, Korea University, Seoul, Korea), and Dr.
J.H. Baik (School of Life Sciences and Biotechnology, Korea
University, Seoul, Korea) for helpful discussions. This work was
supported by the Korea Research Foundation Grant funded by
the Korean Government (Ministry of Education and Human
Resources Development) (KRF-2005-070-C00086) and a Ko-
rea University Grant.

REFERENCES

Aachmann, F.L., Fomenko, D.E., Soragni, A., Gladyshev, V.N., and
Dikiy, A. (2007). Structural analysis of selenoprotein W and
NMR analysis of its interaction with 14-3-3 proteins. J. Biol.
Chem. 282, 37036-37044.

Allan, C.B., Lacourciere, G.M., and Stadtman, T.C. (1999). Re-
sponsiveness of selenoproteins to dietary selenium. Annu. Rev.
Nutr. 79, 1-16.

Beilstein, M.A., Vendeland, S.C., Barofsky, E., Jensen, O.N., and
Whanger, P.D. (1996). Selenoprotein W of rat muscle binds glu-
tathione and an unknown small molecular weight moiety. J.
Inorg. Biochem. 61, 117-124.

Berry, M.J., Banu, L., Chen, Y.Y., Mandel, S.J., Kieffer, J.D., Har-
ney, JW., and Larsen, P.R. (1991). Recognition of UGA as a
selenocysteine codon in type | deiodinase requires sequences
in the 3’ untranslated region. Nature 353, 273-276.

Brigelius-Flohe, R. (1999). Tissue-specific functions of individual
glutathione peroxidases. Free Radic. Biol. Med. 27, 951-965.

Burk, R.F., and Hill, K.E. (2005). Selenoprotein P: an extracellular
protein with unique physical characteristics and a role in sele-
nium homeostasis. Annu. Rev. Nutr. 25, 215-235.

Cohen, G. (1994). Enzymatic/nonenzymatic sources of oxyradicals
and regulation of antioxidant defenses. Ann. N'Y Acad. Sci. 738,
8-14.

Cone, J.E., Del Rio, R.M., Davis, J.N., and Stadtman, T.C. (1976).
Chemical characterization of the selenoprotein component of
clostridial glycine reductase: identification of selenocysteine as
the organoselenium moiety. Proc. Natl. Acad. Sci. USA 73,
2659-2663.

Dikiy, A., Novoselov, S.V., Fomenko, D.E., Sengupta, A., Carlson,
B.A., Cemy, R.L., Ginalski, K., Grishin, N.V., Hatfield, D.L., and
Gladyshev, V.N. (2007). SelT, SelW, SelH, and Rdx12: genom-
ics and molecular insights into the functions of selenoproteins of
a novel thioredoxin-like family. Biochemistry 46, 6871-6882.

Fagegaltier, D., Hubert, N., Yamada, K., Mizutani, T., Carbon, P.,
and Krol, A. (2000). Characterization of mSelB, a novel mam-
malian elongation factor for selenoprotein translation. EMBO J.
19, 4796-4805.

Ferreiro, A., Quijano-Roy, S., Pichereau, C., Moghadaszadeh, B.,
Goemans, N., Bonnemann, C., Jungbluth, H., Straub, V., Villa-



Youn Wook Chung et al. 613

nova, M., Leroy, J.P., et al. (2002). Mutations of the selenopro-
tein N gene, which is implicated in rigid spine muscular dystro-
phy, cause the classical phenotype of multiminicore disease: re-
assessing the nosology of early-onset myopathies. Am. J. Hum.
Genet. 71, 739-749.

Flohe, L., Gunzler, W.A., and Schock, H.H. (1973). Gilutathione
peroxidase: a selenoenzyme. FEBS Lett. 32, 132-134.

Grumolato, L., Ghzili, H., Montero-Hadjadje, M., Gasman, S.,
Lesage, J., Tanguy, Y., Galas, L., Ait-Ali, D., Leprince, J., Guer-
ineau, N.C., et al. (2008). Selenogrotein T is a PACAP-regulated
gene involved in intracellular Ca*" mobilization and neuroendo-
crine secretion. FASEB J. 22, 1756-1768.

Gu, Q.P., Beilstein, M.A., Barofsky, E., Ream, W., and Whanger,
P.D. (1999). Purification, characterization, and glutathione bind-
ing to selenoprotein W from monkey muscle. Arch. Biochem.
Biophys. 361, 25-33.

Gu, Q.P., Sun, Y., Ream, L.W., and Whanger, P.D. (2000). Se-
lenoprotein W accumulates primarily in primate skeletal muscle,
heart, brain and tongue. Mol. Cell. Biochem. 204, 49-56.

Hill, K.E., McCollum, G.W., Boeglin, M.E., and Burk, R.F. (1997).
Thioredoxin reductase activity is decreased by selenium defi-
ciency. Biochem. Biophys. Res. Commun. 234, 293-295.

Hubert, N., Walczak, R., Carbon, P., and Krol, A. (1996). A protein
binds the selenocysteine insertion element in the 3'-UTR of
mammalian selenoprotein mRNAs. Nucleic Acids Res. 24, 464-
469.

Jeong, D., Kim, T.S., Chung, Y.W., Lee, B.J., and Kim, L.Y. (2002).
Selenoprotein W is a glutathione-dependent antioxidant in vivo.
FEBS Lett. 517, 225-228.

Jeong, D.W., Kim, E.H., Kim, T.S., Chung, Y.W., Kim, H., and Kim,
1.Y. (2004). Different distributions of selenoprotein W and thiore-
doxin during postnatal brain development and embryogenesis.
Mol. Cells 17, 156-159.

Kim, H.Y., and Gladyshev, V.N. (2007). Methionine sulfoxide reduc-
tases: selenoprotein forms and roles in antioxidant protein repair
in mammals. Biochem. J. 407, 321-329.

Korotkov, K.V., Novoselov, S.V., Hatfield, D.L., and Gladyshev, V.N.

(2002). Mammalian selenoprotein in which selenocysteine (Sec)
incorporation is supported by a new form of Sec insertion se-
quence element. Mol. Cell. Biol. 22, 1402-1411.

Kryukov, G.V., Castellano, S., Novoselov, S.V., Lobanov, A.V., Ze-
htab, O., Guigo, R., and Gladyshev, V.N. (2003). Characterization
of mammalian selenoproteomes. Science 300, 1439-1443.

Kumaraswamy, E., Korotkov, K.V., Diamond, A.M., Gladyshev,
V.N., and Haffield, D.L. (2002). Genetic and functional analysis
of mammalian Sep15 selenoprotein. Methods Enzymol. 347,
187-197.

Lee, B.J., Worland, P.J., Davis, J.N., Stadtman, T.C., and Hatffield,
D.L. (1989). Identification of a selenocysteyl-tRNA(Ser) in mam-
malian cells that recognizes the nonsense codon, UGA. J. Biol.
Chem. 264, 9724-9727.

Loflin, J., Lopez, N., Whanger, P.D., and Kioussi, C. (2006). Se-
lenoprotein W during development and oxidative stress. J. Inorg.
Biochem. 100, 1679-1684.

Lovell, M.A., Xie, C., Gabbita, S.P., and Markesbery, W.R. (2000).
Decreased thioredoxin and increased thioredoxin reductase lev-
els in Alzheimer’s disease brain. Free Radic. Biol. Med. 28, 418-
427.

Moghadaszadeh, B., Petit, N., Jaillard, C., Brockington, M., Roy,

S.Q., Merlini, L., Romero, N., Estournet, B., Desguerre, I,
Chaigne, D., et al. (2001). Mutations in SEPN1 cause congenital
muscular dystrophy with spinal rigidity and restrictive respiratory
syndrome. Nat. Genet. 29, 17-18.

Moon, I.S., Cho, S.J., Lee, H., Seog, D.H., Jung, Y.W., Jin, I., and
Walikonis, R. (2008). Upregulation by KCI treatment of eu-
karyotic translation elongation factor 1A (eéEF1A) mRNA in the
dendrites of cultured rat hippocampal neurons. Mol. Cells 25,
538-544.

Mustacich, D., and Powis, G. (2000). Thioredoxin reductase. Bio-
chem. J. 346 Pt 1,1-8.

Niethammer, M., Smith, D.S., Ayala, R., Peng, J., Ko, J., Lee, M.S,,
Morabito, M., and Tsai, L.H. (2000). NUDEL is a novel Cdk5
substrate that associates with LIS1 and cytoplasmic dynein.
Neuron 28, 697-711.

Novoselov, S.V., Kryukov, G.V., Xu, X.M., Carlson, B.A., Haffield,
D.L., and Gladyshev, V.N. (2007). Selenoprotein H is a nucleo-
lar thioredoxin-like protein with a unique expression pattern. J.
Biol. Chem. 282, 11960-11968.

Pellmar, T.C. (1987). Peroxide alters neuronal excitability in the
CA1 region of guinea-pig hippocampus in vitro. Neuroscience
23, 447-456.

Petit, N., Lescure, A., Rederstorff, M., Krol, A., Moghadaszadeh, B.,
Wewer, U.M., and Guicheney, P. (2003). Selenoprotein N: an
endoplasmic reticulum glycoprotein with an early developmental
expression pattern. Hum. Mol. Genet. 12, 1045-1053.

Rice, M.E. (2000). Ascorbate regulation and its neuroprotective role
in the brain. Trends Neurosci. 23, 209-216.

Rotruck, J.T., Pope, A.L., Ganther, H.E., Swanson, A.B., Hafeman,
D.G., and Hoekstra, W.G. (1973). Selenium: biochemical role as
a component of glutathione peroxidase. Science 179, 588-590.

Schweizer, U., Brauer, A.U., Kohrle, J., Nitsch, R., and Savaskan,
N.E. (2004). Selenium and brain function: a poorly recognized
liaison. Brain Res. Brain Res. Rev. 45, 164-178.

Trepanier, G., Furling, D., Puymirat, J., and Mirault, M.E. (1996).
Immunocytochemical localization of seleno-glutathione peroxi-
dase in the adult mouse brain. Neuroscience 75, 231-243.

Tujebajeva, R.M., Copeland, P.R., Xu, X.M., Carlson, B.A., Harney,
J.W., Driscoll, D.M., Haffield, D.L., and Berry, M.J. (2000). De-
coding apparatus for eukaryotic selenocysteine insertion. EMBO
Rep. 1, 158-163.

Vendeland, S.C., Beilstein, M.A., Chen, C.L., Jensen, O.N., Barof-
sky, E., and Whanger, P.D. (1993). Purification and properties of
selenoprotein W from rat muscle. J. Biol. Chem. 268, 17103-
17107.

Yeh, J.Y., Beilstein, M.A., Andrews, J.S., and Whanger, P.D. (1995).
Tissue distribution and influence of selenium status on levels of
selenoprotein W. FASEB J. 9, 392-396.

Yeh, J.Y., Gu, Q.P., Beilstein, M.A., Forsberg, N.E., and Whanger,
P.D. (1997a). Selenium influences tissue levels of selenoprotein
W in sheep. J. Nutr. 127, 394-402.

Yeh, J.Y., Vendeland, S.C., Gu, Q., Butler, J.A., Ou, B.R., and
Whanger, P.D. (1997b). Dietary selenium increases selenopro-
tein W levels in rat tissues. J. Nutr. 127, 2165-2172.

Zinoni, F., Birkmann, A., Stadtman, T.C., and Bock, A. (1986). Nu-
cleotide sequence and expression of the selenocysteine-
containing polypeptide of formate dehydrogenase (formate-
hydrogen-lyase-linked) from Escherichia coli. Proc. Natl. Acad.
Sci. USA 83, 4650-4654.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
>> setdistillerparams
<<
  /HWResolution [225 225]
  /PageSize [595.276 841.890]
>> setpagedevice




